The carotenogenic enzyme lycopene fl-cyclase is found in bacteria, algae and higher plants. The only purified lycopene cyclase to date, originally from the bacterium Erwinia uredovora, was obtained from transformed Escherichia coli and used for cell-free inhibitor studies. Sulfuryl reagents and argininemodifying compounds did not affect enzyme activity. However, 2-(4-methylphenoxy)triethylamine (MPTA), the piperidine carboxylate AMO 1618 (2-isopropyl-4-dimethylamino-5-methylphenyl-l-piperidinecarboxylate methylchloride) and nicotine were effective inhibitors. I50 values for MPTA and nicotine were determined as 12 and 4.8uM, respectively. The type of inhibition of lycopene cyclase by MPTA was non-competitive with respect to the substrate lycopene and also to the cofactor NADH. Except for the sensitivity against sulfuryl reagents, the results on inhibition properties of the E. uredovora lycopene cyclase resemble qualitatively and quantitatively those of the cyanobacterial and higher plant enzyme. Consequently, the expressed and purified lycopene cyclase from this bacterium can be used as a model enzyme to assay potential herbicides which interact with the corresponding plant enzyme.
INTRODUCTION
Two different enzymes can utilize lycopene, a Rcyclase introducing 3-ionone end groups and an ecyclase for e-ionone rings.12) The l-cyclase found in bacteria, fungi, algae and plants typically forms two fl-rings at both ends of the lycopene molecule.
Compounds which resemble only half of lycopene by structure are usually cyclized once at the corresponding part of the molecule.13) Genes encoding the 3-cyclase have been cloned from heterotrophic bacteria,14,15) a cyanobacterium16) and higher plants. [17] [18] [19] Comparing the deduced amino acid sequence of the lycopene cyclase from Capsicum annuum to that from Erwinia uredovora, several regions revealed an overall similarity of more than 50%. 17 available as an active purified enzyme. In the present study an evaluation was made to find out whether the lycopene cyclase from the bacterium Erwinia can be used as a model for inhibitor studies on the f3-ionone forming lycopene cyclase from plants. For this purpose, the response of the purified E. uredovora enzyme to several potential inhibitors was determined and enzyme kinetics measurements under inhibition conditions were carried out.
MATERIALS AND METHODS

Strain, Plasmid and Cultivation
E. coli strain JM101 was transformed with the plasmid pACCRT-Y which was constructed for the overexpression of the lycopene cyclase.13) The protein obtained is full length with an N-terminal extension of 8 amino acids which originate from the pUC 19 polycloning site. The transformed strain was grown in Luria-Bertani broth containing ampicillin (100mg/ml) as described by Sambrook et al.20> The protein was overproduced by inducing the culture at an optical cell density at 600nm of 0.5 with 0.25mM isopropyl-f'-D-thiogalactopyranoside (IPTG) at 28oC overnight. Another transformant JM 101/pACCRT-EBI E. U.13) was grown in the same way as a source of lycopene but without IPTG present.
Enzyme Reactions
The isolation and purification of the recombinant lycopene cyclase to a homogenous protein was described previously.13) The concentration of the purified enzyme was determined by the method of Bradford.21) Purity was monitored on 12.5% polyacrylamide gels22). The assay mixture (final volume 0.5ml) contained 150p1 of a lipid suspension (2.5mg/ml L-a-phosphatidylcholine) including 2.5nmol of the purified substrate lycopene (if not indicated otherwise), 5mM NADH and the purified enzyme (approx. 25ug of protein) in 50mM Tris/ maleate buffer, pH 6.5. Lycopene was extracted from freeze-dried cells of JM 101/pACCRT-EBIE.U. with acetone and purified on a silica gel column with 20 vol. % ether in petrol as eluent. Lipids were prepared by dissolving 0.1mg of soybean L-a-phosphatidylcholine in 3 ml of chloroform, evaporation of the solvent, and making an emulsion by addition of 1ml of 50mM Tris-maleate buffer pH 6.7 and sonication for 30 min as described previously by Schnurr et al. 13 ) Incubations were performed in the dark at 30C for 2h, which is within a linear time range of the reaction. The assays were terminated by adding methanol (1.5ml). The remaining substrate and the product formed were extracted from the aqueous incubation mixture with diethyl ether/petroleum ether (b.p. 35-80C; 1:9, v/v). Analysis of the product was performed by HPLC on a Spherisorb ODS-l, 5m column eluted isocratically with acetonitrile/methanol/2-propanol (80 
RESULTS AND DISCUSSION
Inhibitors affecting the plant lycopene 3-cyclase reactions are various sulfuryl reagents,11) substituted trialkylamines7,8) and the trimethylphenyl ammonium salt AMO 1618.9) All these inhibitors were used to determine the properties of the bacterial lycopene cyclase from E. uredovora. In contrast to a preparation from Capsicum chromoplasts, 11 the purified enzyme from E. uredovora exhibited only a very moderate sensitivity against the sulfuryl reagents, iodoacetamide and ethylmaleimide, when applied in a concentration of 0.5mM (Fig. 1) . This concentration inhibited the Capsicum lycopene cyclase to about 50%.11) Furthermore, inhibition of the arginine-modifying reagents, butanedione and phenylglyoxal, was negligible (Fig. 1) .
Three compounds were found to inhibit the activity of the E. uredovora lycopene cyclase. These were nicotine, AMO 1618 and MPTA with increasing sensitivity in this order (Fig. 1) . These results resemble the finding for the Capsicum lycopene cyclase11) and to some extent also for the cyanobacterial enzyme.1,9) 150 values for two of these compounds, MPTA and nicotine were determined by plotting the inhibitor concentration applied versus the reciprocal activity of lycopene cyclase (Fig. 2) . In both cases straight lines (r>0.95) were obtained. In this Fig. 1 Inhibitors of the lycopene cyclase of Erwinia uredovora.
The activity of the purified enzyme of the control (100%) was 0.64nmol h-1 mg-1 protein.
Dixon-type of plot24) the 150 values are indicated by the intercept with the abscissa. The values were 4.8 mM for nicotine and 12jM for MPTA. The nicotine concentration determined corresponds quite well with in vivo studies in which cells of a Flavobacterium and cotyledons of Cucurbita ficicola were treated. For inhibition of lycopene cyclase in this bacterium by nicotine an 150 value can be estimated to be slightly less than 5mM. 25) In the cotyledons substantial accumulation of lycopene was observed with nicotine concentrations of 7mM and higher.26) 155 values for MPTA inhibition of lycopene cyclase in plants was not determined before. However, an inhibition value of 6uM was obtained with an E. coil transformant carrying several carotenoid biosynthesis genes including the one for lycopene cyclase from tomato.19) This value is close to the one determined for E. uredovora lycopene cyclase.
To compare the bacterial and plant-type lycopene cyclase, it is important to elucidate the type of inhibition by MPTA. A competition with the substrate and cofactor would indicate that substituted alkylamines bind to the active site which should be common to enzymes carrying out the same reaction steps, even if the rest of the polypeptide chain is different.
On the other hand, non-competitive inhibition points to a common region apart from substrate and cofactor binding site where the inhibitor interacts. The type of inhibition was analysed by determination of lycopene cyclase activity in three series of assays with variation of the substrate lycopene.
In the control, MPTA was absent but in two other assay sets 7.5 and 15jM of this inhibitor were added (Fig. 3) . In all cases the double reciprocal Lineweaver-Burk plot resulted in straight lines (r > 0.96) which all intercepted with the abscissa in one point. This indicates that the Km-constant remains unchanged in the presence of MPTA.
This kinetic behaviour implies a non-competitive interaction of MPTA with the E. uredovora lycopene cyclase with respect to the substrate lycopene.
A similar non-competitive type of inhibition for interaction with the 4-chlorophenyl derivative of MPTA was observed using a crude lycopene cyclase preparation from a cyanobacterium.
The enzyme from this species is phylogenetically somewhat closer to the higher plant enzyme.1) It should be noted that all chemically different bleaching herbicides which interact with phytoene desaturase are non-competitive inhibitors for the substrate phytoene. 2, 27) Lineweaver-Burk plots were also established for the interaction with NADH, the cofactor of lycopene cyclization13) and MPTA using the isolated E. uredovora lycopene cyclase (Fig. 4) . Upon variation of the concentration of NADH and MPTA a similar non-competitive picture was obtained. Altogether, the enzyme kinetics results lead to the conclusion that regions for the interaction of MPTA distinct from the active site are common to 
